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    Abstract     Host–bacteria interactions are highly diverse in humans and animals in 
general. In the gastrointestinal tract they can range from mutualistic to pathogenic 
interactions. Host and intestinal symbionts form a superorganism where  co- evolution 
has set up a dynamic but fragile homeostasis. Symbiotic bacteria are contained in 
the intestinal lumen by tightly controlled innate immune mechanisms referred as 
“physiological infl ammation”, which is tightly regulated by sustained mechanisms 
of innate immune tolerance responding to host–bacteria cross talks that remain to be 
fully deciphered. Conversely, pathogenic bacteria need to be quickly perceived and 
discriminated from symbiotic bacteria in order for the host to develop rapid and 
effi cient bactericidal responses referred as “pathologic infl ammation”. Recognition 
of pathogen/microbe-associated molecular patterns (P/MAMP) by pathogen recog-
nition receptors (PRR) can hardly account for discriminating bacterial symbionts 
from bacterial pathogens, which largely share similar PAMPs. Unlike bacterial 
symbionts, the pathogens engage the host epithelial surface by tightly adhering to 
cells, possibly invading them, multiplying intracellularly, introducing massive 
amounts of PAMPs in their cytosol and altering their membranes by the secretion of 
pore-forming toxins and various secretory translocators. A large part of these 
“aggressive” events is recognized by dedicated systems, for instance, the toll- like 
receptors (TLR) or the cytosolic NOD-like receptors (NLR) that activate major pro-
infl ammatory pathways such as the NF-κB cascade and the infl ammasome, leading 
to the release of the potent infl ammatory cytokine IL-1β. These danger signals are 
amplifi ed by endogenous signals, the damage-associated molecular patterns 
(DAMPs), derived from the damage induced to the host and mediated by PRRs 
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and other receptors such as purinergic receptors for ATP. On the top of the 
 PRR- associated fi rst wave of signalling, this second wave of signalling that is 
strongly related to pathogen-associated dangers will complete the discrimination 
and innate infl ammatory response to pathogens. However, bacterial classifi cation in 
symbionts versus pathogens is far too simple and may not refl ect the reality of host–
bacteria interactions. The existence of pathobionts as well as the emergence of 
infl ammatory bowel diseases associated with a loss of bacterial mutualism indicates 
that there is a spectrum of situations between the mutualistic and pathogenic poles.  

        Introduction 

 The human gastrointestinal tract is continuously exposed to microorganisms, ranging 
from symbionts to pathogens. These bacteria establish complex and dynamic interac-
tions with the intestinal mucosa. Symbiotic bacteria have adapted to selective pressure 
exerted by the host through evolution and activate innate immune responses, leading 
to “physiological infl ammation” and contributing actively to intestinal immune 
homeostasis. Pathogens can also interact with the intestinal mucosa to promote inva-
sion, thus compromising intestinal homeostasis. They penetrate intestinal host tissues, 
proliferate and disseminate to other hosts, inducing “pathological infl ammation” and 
resulting in damage or death. Thus the mammalian innate immune system has to deal 
with symbiotic and pathogenic bacteria, in sickness and in health, in order to maintain 
or re-establish intestinal homeostasis. As proposed by Janeway [ 1 ], microbial struc-
tures called pathogen/microbe-associated molecular patterns (P/MAMP) are recog-
nized by host pathogen recognition receptors (PRRs) of the innate immune system. 
This recognition can lead to activation or regulation of the innate and adaptive immune 
systems. However both symbionts and pathogens produce these molecular structures 
such as lipopolysaccharide (LPS) or peptidoglycan (PGN). This recognition raises the 
question of the discrimination between symbionts and pathogens by the host immune 
system. How does the intestinal mucosa face the challenge to be simultaneously 
tolerant to symbiotic bacteria that populate the gut lumen and release PAMPs and 
antigenic molecules but also highly responsive to the occurrence of pathogenic bacteria 
that have evolved strategies for attaching to and invading mucosal surfaces? 

 In this chapter we will mainly focus on the discrimination between symbionts 
and pathogens by the host immune system. We fi rst discuss how host and bacteria 
interact to enable the establishment of a stable intestinal microbiota that participates 
in host fi tness. This microbiota is benefi cial to the host as it constitutes a physical 
barrier against pathogenic infection but also stimulates the development of the 
innate immune system. However this physiological infl ammation that contributes to 
the containment of the microbiota in the intestinal lumen is not suffi cient to coun-
teract the attack by true pathogens. These bacteria indeed developed virulence strat-
egies to cross the intestinal epithelial barrier, breach innate immune host defences, 
manipulate host signalling and invade deeper host tissues. Thus the innate immune 
system has to mount rapid and effi cient responses to limit the infection. We will 
then focus on the recognition of this pathogenic threat by the host innate immune 
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system and we will try to decipher the mechanisms that permit the discrimination 
between symbionts and pathogens necessary to set up a specifi c and adapted 
response. We will consider that, in addition to recognition of PAMPs, the immune 
system responds to other signals associated with infection or infl ammation, allow-
ing the discrimination between harmless and virulent bacteria. The host immune 
system would then adapt its response to the level of encountered threat. In particu-
lar, damaged cells can release in the extracellular milieu endogenous molecules that 
signal the danger such as molecules associated to cell death [ 2 ,  3 ]. These molecules, 
called DAMPs (damage-associated molecular patterns), are thus not strictly specifi c 
to pathogenic infection but translate the emergence of a danger coming from either 
a pathogen or a “harmful symbiont”, namely, pathobionts, but also from a sterile 
infl ammation. Indeed these DAMPs are not necessarily due to the pathogens them-
selves but can be released after the induction of damage by the host innate immune 
response and the activation of pathologic infl ammation.  

    Host–Symbionts Interactions: Adapted to Live 
with Our Best Enemies 

 Until recently, microbes associated with humans were largely described as aggressors 
engaging host surfaces, controlling host immune defences, expanding their population 
and propagating to other hosts. Microorganisms were essentially considered as patho-
gens and interactions between host and bacteria were mostly associated with infection 
[ 4 ]. Studies of the host immune system were thus based on the dichotomy between 
recognition and elimination of microorganisms and tolerance of self-molecules to 
maintain host homeostasis. However it is increasingly recognized that interactions 
between microorganisms and their hosts are not exclusively detrimental. Indeed these 
interactions can range from a symbiotic association to a deadly infection. “Illness is 
the exception rather than the rule”, state Scott Merrell and Stanley Falkow [ 5 ]. As a 
matter of fact, the dominant forms of human–bacteria interactions are those in which 
microorganisms—now collectively called microbiota—do not cause harm (commen-
sal interactions) or even benefi t to the host (mutualistic interactions). Obligate and 
facultative symbionts associate with eukaryotes and both partners can take advantage 
from these interactions, forming superorganisms in which homeostasis is preserved. 
We thus share a complex and subtle relationship with our microbiota. 

 Humans acquire a resident microbiota at birth. A complex and dense microbial 
fl ora colonizes the adult intestinal tract, with its highest density in the terminal 
ileum and in the colon. The human gastrointestinal tract harbours from 10 to 100 
trillion microorganisms, most of which are anaerobic bacteria. Many studies have 
focused on determining the core elements of the microbiota that are far from being 
fully defi ned. It was estimated that more than 500 bacterial species are present in the 
intestine [ 6 ]. The number and composition change along the gastrointestinal tract. 
Predominant communities belong to two major groups, the Firmicutes (Gram- 
positive anaerobes) and the Bacteroidetes (Gram-negative anaerobes), suggesting 
that selective pressure may participate to this diversity. Despite the high variability 
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of bacterial abundance and variety, metagenomic sequencing points out the exis-
tence of a common core of microbial genes, shared among at least 50 % of individu-
als [ 7 ,  8 ]. Moreover other vertebrates are colonized by related but distinct microbiota 
from those described in humans. These symbionts contribute to many functions that 
are benefi cial to the host, especially by their metabolic capacities [ 9 ]. They achieve 
fermentation of non-digestible substrates, produce essential vitamins, generate 
short-chain fatty acids from glycans and contribute to ionic absorption of calcium or 
magnesium. Furthermore they shape the gut immune system, affect components of 
the enteric nervous system, contribute to oral tolerance to food antigens and play a 
role in wound repair of the intestinal mucosa after epithelial damage. Finally, these 
symbionts participate in immune homeostasis and protect the host against coloniza-
tion and invasion of pathogenic bacteria by secreting bactericidal substances and 
competing for nutrients and niche colonization [ 10 ]. 

 Since the most ancient time, the bacterial communities have been selected, meaning 
that competing organisms underwent biological co-evolution and co- adaptation to per-
sist in specifi c host niches. Each host has co-evolved with its own microbiota. 
Mechanisms have been selected to promote and maintain mutualistic interactions 
between bacteria and eukaryotes, particularly in the gastrointestinal tract [ 11 ]. In the 
intestinal lumen, symbiotic bacteria benefi t from a situation of active host tolerance. 
Indeed co-evolution has selected host immune mechanisms at mucosal surfaces that 
control immune overresponse to the microbiota and help maintaining a low level of 
responsiveness that is nevertheless suffi cient to contain the symbionts intraluminally 
(i.e. physiological infl ammation), while keeping the ability to recognize and fi ght 
pathogens. Compelling evidences show that the microbiota can infl uence the host 
immune response and elicit immune mechanisms that modify the balance between 
proinfl ammatory and regulatory responses [ 12 ]. In case of dysbiosis, the microbiota 
composition is altered, leading to inappropriate host immune response and possibly to 
infl ammatory disorders [ 13 ,  14 ]. The “hygiene hypothesis” [ 15 ] or the “disappearing 
microbiota” hypothesis [ 16 ] state that alterations in the human microbiota, mainly due 
to hygiene and antibiotics, could be an important factor increasing the incidence of 
some diseases such as allergy, asthma, infl ammatory bowel diseases, obesity and dia-
betes. A major issue is now to decipher the role of indigenous microbial communities 
in human health and disease. A cellular microbiology of symbiosis is quickly emerging 
which necessitates the development of a novel array of cell and animal models.  

    The Law of the Strongest: The Pathogenic Attack 

 Pathogenic bacteria constitute only a small proportion of bacterial species. 
Historically however, these bacteria have been the cause of deadly and widespread 
epidemics like the medieval “Great Plague”, or “Black Death”, and pox that marked 
the spirit of mankind. Work by Louis Pasteur, Robert Koch and their schools, at the end 
of the nineteenth century, enlightened the beginning of host–pathogen interaction 
studies. In spite of the implementation of hygiene, vaccination and antibiotic 
 treatment in the last century that reduced the global morbidity and mortality of 

N. Lhocine and P.J. Sansonetti



285

infectious diseases, pathogens remain an important public health threat in low- income 
countries, and more than 300 new infectious diseases emerged since 1940 [ 17 ] with 
87 “novel” pathogens identifi ed since 1980 [ 5 ,  18 ]. When a pathogen breaches a 
host anatomic barrier, the innate immune system provides immediate defence 
against infection to limit bacterial entry, proliferation and propagation. Activation 
of innate immunity by invading microorganisms needs to be very rapid and bacterial 
recognition is central to innate immunity [ 19 ,  20 ]. Invading pathogens are rapidly 
sensed in a non-specifi c manner by the host innate immune system using a limited 
set of receptors. Pathogen recognition leads to the immediate activation of humoral 
and cellular components of the innate immune system. This participates in bacterial 
clearance and favours immune cell recruitment to sites of infection but also crucial 
activation of the adaptive immune system, which confers fi nal eradication capacity 
and long-lasting immune memory [ 21 ]. 

 The host immune system and pathogens have co-evolved, leading to an evolu-
tionary arm race [ 22 ] that can be deleterious for both players. A tempting hypothe-
sis has been proposed by May and Anderson [ 23 ], according to which virulence was 
the fi rst step on the way to a symbiotic interaction. It was also assumed that immune 
processes evolved to avoid overreaction to pathogens to eventually achieve mutual-
ism [ 24 ]. The best example of this ultimate symbiosis could be the mitochondria. 
According to the endosymbiotic theory, this organelle may derive from primitive 
bacteria, contributing to oxidative metabolism when oxygen appeared on earth [ 25 ]. 

 Pathogenic and symbiotic bacteria may belong to the same genus or species, but 
are different by the relationships they maintain with the host. Symbiotic bacteria 
provide a fi rst line of defence against pathogenic bacteria as they compete with 
pathogens for nutrients and constitute a colonization barrier [ 22 ]. However, most 
enteric pathogens are not as well metabolically equipped as symbionts [ 26 ]. Indeed 
their genomes contain a limited number of genes involved in saccharide uptake and 
hydrolysis compared to symbiotic bacteria. Unnecessary or detrimental metabolic 
pathways may have been lost to confer advantages in a selective niche. Therefore 
they may be less adapted to compete with symbionts for nutrients and the virulence 
strategies they developed allow them to gain access to host tissues, thus possibly 
resolving these nutritional issues and replicating [ 27 ,  28 ]. In parallel, symbionts are 
devoid of genes that promote invasion and subversion of host tissues [ 29 ]. 

 Pathogenic bacteria can cross the intestinal epithelial barrier, breach innate 
immune host defences and invade deeper host tissues. The main differences between 
symbionts and pathogenic bacteria thus reside in the latter producing effectors 
mediating adherence or penetration of the intestinal epithelium, but also innate 
immune response evasion (Box  14.1 ). 

 Pathogens inherited specifi c pathogenicity genes usually organized in pathoge-
nicity islands [ 30 ]. The gene clusters present on pathogenicity islands encode for 
adhesins, invasins, secretory apparatus such as the type-three secretion system 
(TTSS) and their dedicated effectors, enzymes, toxins and hemolysins. These bacte-
rial factors are necessary for the pathogens to adhere to and colonize the epithelial 
surface or to breach the epithelial barrier. Further they participate in host-cell manip-
ulation and subversion of immune responses to promote bacterial survival, coloniza-
tion, proliferation and dissemination to other sites. Pathogens are able to dampen 
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innate immune defences at any stage of their progression, such as inhibiting expression 
of antimicrobial peptides and mucins, evading or suppressing phagocytic killing. 
This ability to overcome and/or manipulate host innate immune responses also 
defi nes the identity of being a pathogen. Intracellular colonization by pathogens con-
tributes to mucosal infl ammation as invaded epithelial cells produce proinfl amma-
tory molecules that recruit immune cells, and ultimately to epithelial destruction.    

     Microbial Sensing by Host Receptors: The Crossroad 
Between Infl ammation and Tolerance 

 Innate immunity is the initial step of defence against bacterial infection. The front- line 
target cells need to recognize microorganisms with prokaryote-specifi c receptors to 
induce antimicrobial innate immune responses. Invariant microbial structures called 
pathogen-associated molecular patterns (PAMP) are recognized by a variety of 

   Box 14.1 Virulence Factors of Pathogenic Bacteria 

•     Virulence factors are produced by pathogenic bacteria to elicit adhesion, 
colonization, immunoevasion and proliferation into host tissues  

•   They are mainly encoded by pathogenicity islands  
•   They include:

 –    Adhesion factors to promote adherence to host cells and invasion  
 –   Fimbriae or pili  
 –   Non-pilus adhesins and invasins  
 –   Flagella  
 –   Invasion factors for digestion of the host extracellular matrix and poly-

saccharides to invade deeper host tissues after bacterial adhesion  
 –   Hyaluronidase, collagenase, neuraminidase, lecithinase, hemolysin and 

phospholipase  
 –   Toxins that modify the host–cell environment, subvert host-cell 

 processes and modulate host defence. They can be at the surface of the 
bacteria or secreted  

 –   Endotoxins  
 –   Pore-forming toxins  
 –   Exotoxins with enzymatic activity such as mucinases. These effectors 

can also inhibit the immune response, affect the host-cell cytoskeleton 
or mimic host-cell proteins to hijack host signalling  

 –   Secretion systems that participate in the transport of bacterial toxins 
from the bacterial cytoplasm into host cells  

 –   Type I–VI secretion systems, and especially the TTSS from entero-
pathogenic bacteria  

 –   Outer membrane vesicles       
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germ line-encoded pattern recognition receptors (PRR) [ 31 ]. Receptor activation 
induces a response characterized by a burst of infl ammation in the infection site, 
tissue destruction and recruitment of immune cells such as phagocytes and antigen- 
presenting cells. PRRs play an important role in costimulation of the adaptive 
immune system. They recognize foreign organisms, i.e. viruses, bacteria, parasites 
and fungi. Different types of ligands activate these receptors such as LPS, PGN, 
non-methylated DNA, RNA, fl agellins, lipopeptides, toxins and fi mbriae. Four 
 families of PRRs cooperate to recognize microorganisms: the toll-like receptors 
(TLR), the nucleotide oligomerization domain-like (NOD) receptors (NLR), the 
RIG-I-like receptors (RLR) and the C-type lectin receptors (CLR). They may be 
secreted in the extracellular fl uid (such as mannan-binding lectin, C-reactive protein 
or serum  amyloid protein), intracellular (such as members of the NLR family, 
MDA-5 or RIG-1) or membrane-anchored such as the TLRs that are expressed 
either at the cell surface or associated with endosomes. 

 TLRs represent a family of highly conserved transmembrane molecules with an 
intracellular domain similar to the cytoplasmic domain of the Interleukin-1 receptor 
(IL-1R) [ 32 ]. The extracellular domain is the recognition site. It is characterized by 
leucine-rich repeats (LRR) and determines the ligand specifi city. Some TLRs are 
present at the surface membrane (TLR1, 2, 6, 4 and 5) whereas others are defi ned to 
intracellular endosomal compartments (TLR3, 7, 8 and 9). The ligand specifi city 
also depends on TLRs association, as they may homo- or heterodimerize. TLR 
specifi cities have been widely studied. One of the most described is TLR4 that rec-
ognizes LPS of the outer cell membrane of Gram-negative bacteria. TLR expression 
was fi rst detected on blood monocytes, but intestinal epithelial cells (IECs) also 
express at least a subset of these TLRs. 

 Bacterial ligands are moreover recognized intracellularly by NLRs [ 33 ]. These 
multidomain proteins usually contain an LRR domain that determines the recogni-
tion specifi city, a nucleotide-binding and self-oligomerization domain called 
NACHT domain and effector-binding domains that can be either caspase recruit-
ment domains (CARD) for the NLRC family that comprises NOD1 and NOD2 or 
pyrin effector domains (PYR) for the NLRP subclass. This binding domain interacts 
with adaptor molecules to initiate signalling cascades following receptor activation 
[ 34 ]. NOD1 and NOD2 are key cytosolic sensors. They recognize muropeptides 
that are fragments of the PGN, a component of the bacterial cell wall. PGN consists 
of carbohydrate chains of β (1–4) linked, alternating  N -acetylglucosamine and 
 N -acetylmuramic acid sugars, cross-linked by short peptide chains. NOD1 is found 
in all cell types and binds to a diaminopimelate containing the GlcNAc-MurNAc 
tripeptide (GM-TriDAP or DAP) found in mainly Gram-negative bacterial PGN, 
whereas NOD2 detects muramyl dipeptide (MDP), the minimal bioactive PGN 
motif shared by all bacteria, in myelomonocytic and IECs [ 35 – 37 ]. 

 Activation of most of these PRRs initiates signal transduction pathways that con-
verge on the key transcription factor Nuclear Factor-κB (NF-κB) and leads to antimi-
crobial and proinfl ammatory gene expression and also recruitment of immune cells to 
the site of infection [ 34 ]. NOD1 and NOD2 are the only NLR members able to acti-
vate the NF-κB pathway upon stimulation. Other members of the NLR family, the 
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NLRPs, participate in the activation of caspase-1 by the infl ammasome (described in 
chapter “Genetic Overlap Between Infl ammatory Bowel Disease and Other Diseases”). 

 Symbiotic and pathogenic bacteria share many striking similarities. Notably, the 
microbial structures that are recognized by the host innate immune system are com-
mon. The molecular motifs recognized by NLRs or TLRs are ubiquitously present 
in intestinal bacteria and are therefore important not only for mucosal host defence 
but also for intestinal homeostasis. As these immune activators are found in symbiotic 
and pathogenic bacteria, it was proposed to rename these components MAMPs for 
microbial-associated molecular patterns. These similarities make them, in general, 
unlikely candidates for discrimination between symbiotic and pathogenic microor-
ganisms. How does the intestinal mucosa avoid the continuous activation of infl am-
matory responses by symbionts that are a source of proinfl ammatory PAMPs? The 
association found between mutations affecting NOD2 and Crohn’s disease illustrates 
this question [ 38 ,  39 ]. PRRs do not generally effi ciently discriminate between 
pathogenic and symbiotic microorganisms because none of the PAMPs is specifi c to 
one category, and they do not recognize pathogenicity-specifi c components. TLRs 
expressed by IECs can sense mucosal surfaces to monitor bacterial densities 
refl ected by MAMPs concentration [ 40 ,  41 ]; thus, they play important functions to 
maintain intestinal epithelial homeostasis [ 42 ]. Innate immune recognition of sym-
biotic bacteria by TLRs at the mucosal surface is also necessary under steady-state 
conditions to limit infl ammation within the intestine [ 43 ]. Similarly, NOD1 and 
NOD2 participate to host defence but also to intestinal homeostasis [ 44 ,  45 ].  

    Symbionts and Pathogens: Persona Non Grata 
Beyond the Mucosal Barrier 

 Controlling bacterial interactions at the intestinal mucosal surfaces is an important 
host strategy to limit bacterial contacts and prevent bacterial invasion. Symbiotic 
bacteria are contained in the intestinal lumen and tolerated. A general view is that 
most of the microbiota is maintained, as a complex population, away from the epi-
thelial surface, by a process earlier qualifi ed as “physiological infl ammation” (see 
Fig.  14.1a ). It is a complex mixture of a physical barrier, largely achieved by the 

Fig. 14.1 (continued) Tight-junction opening, secretion of pore-forming toxins (PFT), insertion of 
secretory translocators such as the type-three secretion system (TTSS) and secretion of toxins and 
effectors (mucinases, adhesins, invasins) are necessary for host tissue invasion. Activation of PRRs 
initiates signal transduction pathways that lead to proinfl ammatory gene expression but also recruit-
ment and activation of immune cells to the site of infection such as DCs, macrophages, T cells and 
polymorphonuclear neutrophils (PMN). Endogenous signals amplify this response. Indeed, damage-
associated molecular patterns (DAMPs) derived from the damage induced to the host such as cell 
lysis or cytoskeleton modifi cations and mediated by PRRs and other receptors such as P2X7, the 
receptor for ATP, participate in the formation of molecular scaffolds named infl ammasomes that 
induce a caspase-1-dependent cellular death called pyroptosis, but also cytokine activation such as 
IL-1β (beta) and IL-18       
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  Fig. 14.1    Host–bacteria interactions in health and disease. The human gastrointestinal tract is 
continuously exposed to microorganisms, ranging from symbionts to pathogens, including patho-
bionts. These bacteria establish complex and dynamic interactions with the intestinal mucosa. ( a ) 
Symbiotic bacteria participate in immune homeostasis and protect the host against colonization 
and invasion of pathogenic bacteria by secreting bactericidal substances and competing for nutri-
ents and niche colonization. Symbionts communicate among themselves by releasing small mol-
ecules such as autoinducers. They are contained in the intestinal lumen by tightly controlled innate 
immune mechanisms referred as “physiological infl ammation”, contributing to intestinal immune 
homeostasis. Intestinal epithelial cells (IECs) are attached together by tight junctions that form a 
sealed barrier to the luminal environment, preventing bacterial penetration. The production of mucus 
by goblet cells, NOS, ROS, antimicrobial peptides and microvillus-derived vesicles (MDV) contain-
ing catalytically active intestinal alkaline phosphatase by IECs and IgA by subepithelial B cells pre-
vents the overt stimulation of intestinal innate immunity by symbionts and limit mucosal infl ammation. 
Microbial structures called PAMP are recognized by host PRRs of the innate immune system such as 
toll-like receptors (TLR) and NOD-like receptors (NLR), inducing regulatory signalling cascades 
that participate in intestinal homeostasis by inducing the production of regulatory cytokines and 
chemokines. Several subtypes of differentiated T cells are associated with the epithelial layer and 
participate to the mucosal immune response, the same as dendritic cells [ 117 ]. They produce effector 
cytokines necessary to contain bacteria to the intestine and stimulate macrophages located in the 
subepithelial area of the lamina propria to quickly phagocytose and kill the symbionts that would 
cross the epithelial barrier. To avoid overt immune responses, PRRs expression is restricted and 
 limited to certain cell populations and the localization of the receptors on the cells is restricted. Host 
cells may also modify PAMPs to limit their agonist function on PRRs. Symbiotic bacteria may 
directly participate to the tolerogenic process by producing weakly stimulatory PAMPs. ( b ) Bacteria 
venturing towards the epithelial surface are quickly killed unless they can resist surface defence 
molecules. This is the case of a subcategory of symbionts called the pathobionts, illustrated by the 
segmented fi lamentous bacteria (SFB)  Clostridium . Pathobionts are contained by innate immune 
mechanisms. They may be considered “good bacteria” as they achieve maturation of the mucosal 
immune system, inducing the maturation of naïve T cells into infl ammatory (i.e. Th17) lymphocytes 
that are essential to the maintenance of mucosal innate immune protection. However, if the density of 
pathobionts is not balanced by suffi cient density and diversity of symbionts, they may express their 
pathogenic potential and account for chronic infl ammation of the gut. ( c ) Pathogenic bacteria engage 
the host epithelial surface by tightly adhering to cells, possibly invading them, multiplying intracel-
lularly, introducing massive amounts of PAMPs in their cytosol and altering their membranes. 
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mucus, a great majority of the bacteria residing in its softer outer layer and of chem-
ical compounds, such as NOS, ROS and antimicrobial peptides, embedded in the 
denser lattice of mucins that forms the inner mucus layer in close apposition to the 
epithelial surface [ 12 ,  34 ]. The mucus layer, composed of mucin glycoproteins pro-
duced by goblet cells, covers the intestinal epithelium and protects the mucosal 
surface from invasion, defi ning a relatively “germ-free” zone [ 46 ]. Bacteria are thus 
prevented to adhere directly to the intestinal epithelium [ 47 ]. Mucin 2-defi cient 
mice do not exhibit this bacteria-free area and develop spontaneous colonic mucosal 
infl ammation [ 48 ,  49 ]. Similarly, mucin upregulation is observed after infection 
with enteropathogenic bacteria such as  Salmonella ,  Yersinia  or  Shigella  [ 50 ,  51 ].

   IECs play an important role in maintaining intestinal homeostasis. These cells 
produce and secrete microbicidal molecules such as antimicrobial proteins, mainly 
defensins or cathelicidins [ 50 – 53 ]. Some of these molecules are constitutively pro-
duced, but others are controlled by bacterial activation. IECs lining the gut lumen 
also produce microvillus-derived vesicles that are released and accumulate in the 
lumen. These vesicles contain catalytically active intestinal alkaline phosphatase, 
an enzyme responsible for LPS dephosphorylation, preventing intestinal infl amma-
tion [ 54 – 57 ]. These vesicles cluster on the luminal bacteria, inhibiting bacterial 
attachment to the host cells and limiting bacterial growth in the intestinal lumen 
[ 58 ]. In addition to their production of bactericidal molecules that keep the cellular 
apical environment relatively clear of symbiotic bacteria, IECs are attached together 
by tight junctions that form a sealed barrier to the luminal environment, preventing 
bacterial penetration. Another epithelial cell, the Paneth cell, secretes antimicrobial 
proteins at the base of the small intestinal crypts. Paneth cells contain microbicidal 
granules that they discharge when they sense bacteria, controlling the invasion by 
symbiotic and pathogenic bacteria. 

 Adaptive immunological responses are also induced to protect the intestinal sur-
face and limit bacterial interactions with the mucosal surface. It is largely based 
upon IgA production by subepithelial B cells located in the lamina propria. Mice 
lacking IgA exhibit an increase in mucosa-associated bacteria [ 59 ]. Dendritic cells 
located in intestinal lymphoid structures called Peyer’s patches or solitary nodules 
in the colon sample bacteria translocated through epithelial M cells. They interact 
with B cells that differentiate into plasma cells to produce IgA that transcytose 
across the epithelium [ 60 ]. In parallel, several subtypes of differentiated T cells are 
associated with the epithelial layer and participate to the mucosal immune response. 
They produce effector cytokines necessary to contain bacteria to the intestine [ 61 ] 
and stimulate macrophages located in the subepithelial area of the lamina propria to 
quickly phagocytose and kill the symbionts that would cross the epithelial barrier. 

 Bacteria venturing towards the epithelial surface are therefore quickly killed 
unless they can resist surface defence molecules. This is the case of a subcategory 
of symbionts called the pathobionts, illustrated by the segmented fi lamentous bac-
teria (SFB)  Clostridium  in the murine intestine [ 62 ], and probably Enterobacteriaceae 
and Enterococci in humans (see Fig.  14.1b ). Pathobionts are contained by these 
innate immune mechanisms but may quickly trespass the mucosal barrier in case of 
immune failure such as immunosuppressive chemotherapies for cancer, leukemias 
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and organ transplantation [ 63 ]. From their “distant” site of residence, symbionts 
communicate among themselves as any complex microbial population in various 
environments, releasing small molecules such as autoinducers [ 64 ] and PAMPs. 
This collection of molecules is sensed by the front line of IECs, which are likely, on 
this basis, to gauge the bacterial density and accordingly adjust its response that 
encompasses the dual necessity to fi ne tune its bactericidal response to the exact 
level of threat, and to elicit the signals maintaining the tolerogenic process. 
Microbiota detection therefore activates host mechanisms involved in mucosal 
homeostasis [ 65 ]. 

 All the strategies that control the symbiotic luminal content are also involved in 
the fi ght against pathogenic infection, particularly the sensing of PAMPs, thus 
reemphasizing the need to better understand how the host can discriminate between 
symbionts, including their more adventurous companions, the pathobionts and the 
true pathogens. A characteristics of the pathogens is their capacity to engage the 
epithelial barrier and possibly to achieve its subversion and invasion [ 66 ]. One could 
therefore operationally discriminate symbionts and pathogens on the capacity of the 
latter to trespass the epithelial barrier, thus generating a systemic immune response, 
instead of the controlled mucosally localized response that is characteristic of the 
microbiota [ 67 ].  

    Mesenteric Lymph Nodes as Immune Firewalls 
Between Tolerance and Ignorance 

 Symbionts do not induce a strong systemic infl ammatory reaction, indicating that 
the host immune system is highly adapted to the microbiota. On the contrary host–
pathogen interaction leads to a strong systemic response. A major problem is again 
to understand how the immune system can distinguish pathogenic bacteria from 
symbiotic bacteria. The development of the mucosal immune system depends on 
colonization by the microbiota. Comparisons between germ-free and specifi c 
pathogen- free (SPF) animals indicate that the mucosal immune system is underde-
veloped in germ-free animals. They exhibit a strong decrease in IgA-producing 
plasma cells in the lamina propria, a reduction in some subclasses of intraepithelial 
lymphocytes and hypoplastic lymphoid follicles. Interestingly, expansion of the 
structures of the spleen and lymph nodes is also dependent upon the presence of the 
microbiota, even if these organs are not in direct contact with the microbiota [ 68 ]. 
While the microbiota is restricted to the intestinal lumen, some symbionts can be 
sampled by mucosal lymphoid organs such as Peyer’s patches where they interact 
with dendritic cells. A local immune response is induced but these primed dendritic 
cells are not found farther than the draining mesenteric lymph nodes (MLN). This 
indicates that these primed dendritic cells are limited to the mucosal immune sys-
tem, thus restricting symbiont dissemination. Symbiotic bacteria normally do not 
penetrate beyond the draining MLNs that form a “fi rewall” between the mucosal 
and the systemic immune system. As symbionts do not go further, they are poorly 
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recognized by the systemic immune system. The intravenous injection of symbiotic 
bacteria in mice induces a systemic immune response [ 69 ]. In parallel their  ignorance 
by the adaptive systemic immune response disappears when MLNs are surgically 
removed [ 59 ]. This indicates that symbiotic bacteria normally do not prime the 
systemic immune response, mucosal immunity being suffi cient to their contain-
ment. This highly compartmentalized immune response preserves the host capacity 
to mount an effi cient systemic response against bacteria breaching the epithelial 
barriers. Conversely, pathogenic bacteria are able to trespass the draining MLN 
“barrier”. Infection is not confi ned to mucosal tissues; therefore, pathogenic  bacteria 
prime the adaptive systemic immune system. 

 The TLR-MYD88 (myeloid differentiation primary-response protein 88) signal-
ling pathway can sense symbiotic bacteria and is important for the establishment 
and the maintenance of host–symbionts homeostasis. Classically the activation of 
this pathway leads to the induction of an infl ammatory response that participates in 
bacterial clearance. This cascade is involved in many diverse processes such as the 
production of antimicrobial proteins like RegIIIγ, enlightening the importance of 
symbiotic bacteria in the activation of the host innate immune response [ 70 ]. 
Interestingly, innate immune defects such as a defi ciency in TLR signalling adaptor 
molecules can result in the priming of adaptive immune system by symbiotic bacte-
ria. Mice lacking MYD88 or TRIF (TIR-domain-containing adaptor protein induc-
ing IFN-β) adaptors exhibit a complete loss of host–symbionts compartmentalization 
and produce IgG responses against symbionts, probably because many symbiotic 
bacteria cross the epithelial barrier and are not effi ciently eliminated by phagocytes 
[ 71 ]. The systemic adaptive immune system can thus compensate a loss of the 
mucosal innate immunity. Therefore the activation of the systemic immune response 
is essentially a matter of balance. This balance is disrupted in the presence of patho-
gens or in the absence of an effi cient mucosal immunity necessary to contain the 
symbionts upstream the MLNs.  

    Active Immune Tolerance Towards Symbiotic Bacteria 

 To avoid the overt stimulation of intestinal innate immune receptors by symbiotic 
PAMPs and to limit mucosal infl ammation, several sophisticated strategies have 
been developed by symbiotic bacteria and host tissues. 

 PRRs expression is restricted and limited to certain cell populations. For exam-
ple, intestinal macrophages show reduced PRRs expression contrary to macro-
phages present in other tissues [ 72 – 74 ]. Also TLR4 expression is restricted to crypt 
epithelial cells, limiting its activation by bacterial ligands. Paneth cells located at the 
base of these intestinal crypts express high levels of TLR4 and NOD2, protecting 
the crypts and probably the stem cells from bacteria [ 75 ,  76 ]. 

 Second, the localization of the receptors on the cells can be restricted. Indeed 
intracellular localization of some receptors such as NOD2 requires the transport of 
the ligands into IECs or microbial invasion of the cytosol, thus likely avoiding major 
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receptor activation by extracellular muropeptides and non-invasive bacteria [ 44 ,  77 ]. 
Similarly, TLRs distribution is restricted at the apical surface of IECs. TLR5, 
responsible for bacterial fl agellin recognition, is only exposed at the basolateral side 
of differentiated IECs [ 78 ,  79 ]. 

 Third, signalling regulations may prevent or modify immune activation. Indeed 
many negative regulators of the TLR signalling pathways have been described. For 
example, the negative regulator Tollip is expressed in IECs and directly interacts 
with IRAK-1, preventing its autophosphorylation and inhibiting any further signal-
ling [ 80 ,  81 ]. Host cells may also modify PAMPs to limit their agonist function    on 
PRRs as exemplifi ed by IECs producing hydrolases, cleaving acyl chains from lipid 
A, the endotoxin moiety of LPS in Gram-negative bacteria [ 82 ,  83 ] or producing an 
alkaline phosphatase that dephosphorylates the lipid A [ 54 ], thus in both cases 
attenuating endotoxin activity on TLR4. 

 In parallel, symbiotic bacteria may directly participate to the tolerogenic process 
by producing weakly stimulatory PAMPs such as hypoacylated lipid A in  Bacteroides 
fragilis  [ 84 ,  85 ]. Symbiotic bacteria may also actively suppress epithelial proin-
fl ammatory signalling by interfering with NF-κB activation. For example, 
 Bacteroides thetaiotaomicron  promotes nuclear export of the NF-κB p65 subunit in 
a peroxisome proliferator-activated receptor γ-dependent manner [ 86 ]. Also the 
probiotic species  Lactobacillus casei  inhibits the degradation of the inhibitor I-κB 
in order to avoid proinfl ammatory gene induction [ 87 ].  

    Invasion, Damage and Infl ammation Are Hallmarks 
of Pathogenic Bacteria 

 Intestinal homeostasis that prevails between the intestinal mucosa and symbiotic 
bacteria is fragile and can be subverted by pathogens (see Fig.  14.1c ). Indeed entero-
pathogens have the capacity to disturb the intestinal epithelium, invade host cells 
and induce the infl ammatory destruction of the intestinal mucosa with the help of 
virulence factors that are specifi c to pathogenic bacteria [ 66 ]. Pathogen recognition 
by host cells mainly occurs through PAMPs and PRRs. However this recognition 
may not be straightforward due to the recognition of harmless bacteria by PRRs or 
to PAMPs modifi cations by pathogens to subvert immune recognition, making dif-
fi cult the discrimination between symbionts and pathogens. As a matter of fact, 
other signals are clearly necessary to activate a full immune response in case of true 
pathogens. In 1994, Polly Matzinger pioneered the concept of “danger signal” [ 3 ], 
suggesting that the host perceives the presence of pathogens or pathological condi-
tions as much as the cellular damage they cause. The molecules that signal tissue 
and host damage (i.e. “danger molecules”) may have two different origins: (1) host 
molecules released during the infectious process and called DAMPs or alarmins and 
(2) cellular structures affected by pathogenic factors [ 88 ]. Consequently tissues that 
undergo destruction and loss of integrity would trigger the immune system. These 
danger signals recruit and activate the innate immune system and participate in the 
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restoration of the destroyed tissue. Notably some alarmins can signal through TLRs 
and NLRs to induce infl ammatory and immune responses, suggesting that these 
receptors can also sense “self-ligands” [ 89 ]. 

 Cells dying by necrosis release DAMPs like ATP, uric acid, DNA and DNA- 
binding proteins such as high-mobility group box-1 protein (HMGB1) into the 
extracellular milieu [ 88 ]. These secondary stimulatory molecules have a high proin-
fl ammatory impact. Necrotic cell lysates are a source of endogenous factors such as 
HSPs or uric acid that induce dendritic cell activation. Extracellular HSPs interact 
with several receptors including TLRs, leading to secretion of proinfl ammatory 
cytokines. HMGB-1 is a nuclear protein that binds to the nucleosome. When cells 
die by necrosis, this protein is released extracellularly. HMGB-1 has chemotactic 
activities on immune cells such as monocytes, macrophages, neutrophils and den-
dritic cells, but also proangiogenic and immunostimulatory activities. Similarly an 
increase of extracellular ATP concentration refl ects the presence of dying cells and 
leads to its binding to the ligand-gated ion channel P2X purinergic receptor 7 
(P2X7). This receptor is important for ion transport and allows potassium effl ux 
after activation [ 90 ,  91 ]. Tissue architecture disorder during bacterial infection may 
also send signals to the immune system [ 92 ]. Blood vessel rupture and infl ammation 
induce the extravascular relocation of fi brinogen that can activate macrophages 
through TLR4. Disruption of the extracellular matrix and basement membranes by 
bacterial proteases are also sensed like danger signals. Soluble fragments of heparin- 
sulphate proteoglycans released from cell surface and basement membranes can 
also activate TLR4 of dendritic cells. Host membrane recruitment is also considered 
as a danger signal, the same as membrane integrity disruption by the insertion of 
secretory systems such as the TTSS of enteropathogens. Indeed it may lead to 
expression of proinfl ammatory cytokines [ 93 ]. 

 The innate immune system recognizes invading microbes, tissue damage or 
stress through conserved receptors such as the TLRs and NLRs that are activated by 
PAMPs or DAMPs. These PRRs activate signalling cascades that converge in the 
transcription of cytokines, chemokines and proteins involved in bacterial clearance 
[ 94 ]. Among the NLRs, NOD1 and NOD2 play major roles in the intestinal epithe-
lium as they detect intracellular ligands and activate NF-κB signalling leading to the 
transcription of proinfl ammatory genes. However other NLRs are also important for 
the innate immune response to activate infl ammation and limit microbial invasion. 
Especially some NLRs are involved in the post-translational activation of infl amma-
tory caspases and participate in the formation of molecular scaffolds named infl am-
masomes [ 93 ]. These large multiprotein complexes are activated by 
pathogen-associated signatures or endogenous molecules of similar structure pro-
duced after tissue damage. Infl ammasome activation leads to autocatalytic cleavage 
and activation of caspase-1, and processing and secretion of proinfl ammatory cyto-
kines such as IL-1β and IL-18 [ 95 ]. Whereas IL-1β induces IL-17 release from 
Th17 cells to amplify early effector responses, IL-18 stimulates CD8 +  T cells and 
Th1 cells to secrete IFN-γ [ 96 ,  97 ]. Infl ammasome activation induces a caspase-1- 
dependent cellular death called pyroptosis, but also autophagy and bacterial degra-
dation [ 98 ]. Several types of infl ammasome may be distinguished according to the 
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NLR that is involved and the ligand that activates this platform. For example, the 
NLRP1 infl ammasome is activated after MDP or anthrax lethal toxin recognition 
and the NLRC4 infl ammasome after fl agellin sensing. The most studied infl amma-
some is the one containing NLRP3. This complex is activated by different stimuli 
such as crystals, pore-forming toxins, bacteria and viruses. Some cytosolic proteins 
like AIM2 and RIG-I, which do not belong to the NLR family, also form infl am-
masomes in response to cytosolic DNA and virus respectively. Bacterial infection 
can activate several infl ammasomes [ 99 ]. For example,  Listeria monocytogenes  
induces via listeriolysin O, fl agellin and bacterial DNA the NLRP3, NLRC4 and 
AIM2 infl ammasomes, whereas  Shigella fl exneri  and  Salmonella typhimurium  acti-
vate the NLRP3 and NLRC4 platforms [ 95 ]. However, the contribution or redun-
dancy of these different complexes is not clear. Interestingly, deregulated activation 
of infl ammasomes is associated with autoinfl ammatory syndromes and other 
pathologies [ 99 ].  

    Host Responses Manipulation by Pathogens 

 Enteric bacteria have developed sophisticated strategies to overcome the innate 
immune system and successfully hijack host signalling. Manipulation is the hall-
mark of pathogens. Pathogenic bacteria secrete factors that fi rst favour infection and 
bacterial survival inside the cells. These virulence factors target cytoskeletal com-
ponents, host cell receptors and signalling molecules. For instance,  Shigella fl exneri  
secretes IpaB that prevents rapid epithelial turnover to maintain its replicative niche 
but also inhibits IEC detachment by delivering the OspE effector through the TTSS, 
reinforcing epithelial adhesion to the basal lamina [ 100 ,  101 ]. Some bacterial fac-
tors manipulate host membrane and regulate actin cytoskeleton remodelling to per-
mit bacterial adhesion, invasion and propagation. Rho GTPases regulation enables 
tight junction opening, barrier function reduction and bacterial entry, for example. 
The bacterial effectors SopB, SopE, SopE2 and SipA participate in tight junction 
disruption during  Salmonella typhimurium  infection, for example, but also induce 
an infl ammatory response [ 102 – 104 ]. Bacterial effectors can affect post- translational 
modifi cations on host cells by mimicking the corresponding activities such as ubiq-
uitination or sumoylation to hijack signalling pathways. Some intracellular bacteria 
have also the capacities to escape from the early vacuole after invasion in order to 
avoid the unfriendly environment present in this compartment. Then they hijack 
host cytoskeleton to move intracellularly and disseminate. 

 In parallel, pathogenic bacteria have expanded mechanisms to avoid recognition 
by the host innate immune response. First they developed strategies to modify their 
PGN and thus avoid recognition by the innate immune receptors. Many modifi ca-
tions of the PGN are possible to ensure resistance to antibiotics or host degradative 
enzymes that target the cell wall but also impairment of detection by PRRs to avoid 
innate immune signalling. During the course of a bacterial infection, the structure 
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and composition of PGN is likely to be modifi ed through the action of bacterial 
enzymes. For instance, SltY, a bacterial lytic transglycosylase involved in PGN pro-
cessing, is highly up-regulated during the infection of IECs by  Shigella fl exneri  
[ 105 ]. Many modifi cations are observed in pathogenic species, mainly GlcNAc 
N-deacetylation and MurNAc O-acetylation.  Listeria monocytogenes  is a gram- 
positive bacteria that plays on PGN structure. This pathogen produces and secretes 
autolysins important for the virulence such as the endopeptidase p60 and the 
 N -acetylmuramidase NamA. These two enzymes    cleave the PGN to generate the 
NOD2 agonist, thus modulating the infl ammatory response and the microbial 
 recognition [ 106 ]. 

 Several mechanisms to circumvent and overcome innate immune responses also 
exist. Among these strategies, the secretion of bacterial effectors through the TTSS 
enables bacteria to manipulate a broad array of host pathways by regulating or mim-
icking host proteins in order to survive and colonize host tissues [ 107 ]. Some patho-
gens have evolved strategies to avoid phagocytosis by delivering effectors that 
impair the signalling downstream of phagocytic receptors such as YopH, YopE and 
YopT effectors secreted by  Yersinia  to inhibit phagocytosis [ 108 ]. Many bacterial 
effectors can directly modulate host proinfl ammatory pathways to suppress detri-
mental infl ammation during invasion steps. Given the role of the NF-κB pathway in 
the immune responses, enteric bacteria have developed mechanisms to interfere 
with this cascade [ 109 ]. First pathogenic factors contribute to the inhibition of the 
cascade at the level of the TLRs by host protein mimicking. Indeed pathogenic 
effectors can share sequence or structural homology with the TLR domain neces-
sary for the signalling, which is the TIR domain responsible for adaptation recruit-
ment, interfering with TLR signalling and preventing thus further innate host 
defence. An example of bacterial mimicry is  Salmonella  effector TIR-like protein A 
(TlpA) that impairs TLR4-mediated NF-κB activation [ 110 ]. Secondly bacterial 
effectors act at different levels of the pathway to prevent its activation by regulating 
phosphorylation, acetylation, ubiquitination and neddylation of host proteins 
required for NF-κB activation [ 111 ]. This modulation can be focused on a specifi c 
protein or affect a more general mechanism such as the ubiquitin pathway. A major 
strategy to regulate infl ammation and maintain this control for long periods may be 
epigenetic regulation by bacterial effectors. OspF, an effector produced by  Shigella , 
directly inhibits in the nucleus the activation of NF-κB target genes. Indeed OspF is 
a phosphothreonine lyase that dephosphorylates irreversibly and inactivates the 
enzymes responsible for histone H3 phosphorylation in the nucleus, the MAPKs 
p38 and ERK2 [ 112 ]. Finally, enteric pathogens have evolved stratagems to block 
deleterious infl ammation and to evade infl ammasome activation. Enteropathogenic 
 Yersinia enterocolitica  bacteria exploit several processes to prevent caspase-1 acti-
vation and secretion of IL-1β and IL-18 after infl ammasome activation [ 113 ]. 
Symbiotic bacteria have also developed means to control their recognition by the 
host and the activation of the host immune system. However these mechanisms are 
much less developed and do not enable such bacteria to invade tissues and prolifer-
ate in the case of immune homeostatic balance.  
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    Symbionts, Pathobionts and Pathogens: Evolutionary 
Distant Relatives? 

 Host–bacteria interactions have evolved thanks to their high capacities for genomic 
modifi cations. Compared to multicellular eukaryotes, bacteria have higher genera-
tion times and highly effi cient properties to increase their genetic variability, mainly 
by horizontal gene transfer. These characteristics allow bacteria to evolve and con-
tinuously adapt to the selective pressure imposed by environmental changes, par-
ticularly in the host. A Manichean view of the microbial world often classifi es 
bacteria into two different types: the “good bacteria” versus the “bad bacteria” and 
symbionts versus pathogens. However this classifi cation is far too simplistic. There 
is increasing evidence for a continuous and linear evolution between the “bona fi de” 
symbionts and the “bona fi de” pathogens. Between these two ends of the spectrum, 
a vast “grey zone” comprises species like  Escherichia coli  that affect a large number 
of intermediate isolates between strictly symbiotic or pathogenic strains, depending 
upon the number, variety and complementarity of pathogenic or metabolic traits 
present in their respective genomes, in addition to their common core genome [ 114 ]. 

 In this “grey zone”, emerge a category of microorganisms called the pathobionts 
[ 115 ]. Pathobionts may still be considered “good bacteria” as they achieve matura-
tion of the mucosal immune system. For instance, in mice, the segmented fi lamen-
tous bacterium clostridial strain SFB adheres to Peyer’s patches in the healthy 
terminal ileum where it induces IgA production and activates B cells [ 116 ]. It also 
induces the maturation of naïve T cells into infl ammatory (i.e. Th17) lymphocytes 
that are essential to the maintenance of mucosal innate immune protection [ 14 , 
 117 ]. However, if the density of pathobionts is not balanced by suffi cient density 
and diversity of symbionts, they may express their pathogenic potential and account 
for chronic infl ammation of the gut [ 118 ]. In this context, the immune status of the 
host is essential to determine whether bacteria will be harmful or harmless to the 
host. Immunodefi cient mice (SCID mice) reconstituted with CD4 + CD45Rb high  T 
cells and colonized with SFB develop severe colitis and intestinal infl ammation 
[ 119 ]. SFB does not only affect the gastrointestinal tract, it may affect the whole 
fi tness of the host as SFB reconstitution in germ-free mice also increases rheuma-
toid arthritis and multiple sclerosis susceptibility [ 62 ,  120 ]. Similarly,  Helicobacter 
hepaticus  colonizes mucosal surfaces of the gastrointestinal tract and the liver. 
These bacteria trigger in wild-type animals infl ammatory and tolerogenic responses 
that participate in physiological infl ammation. However immunocompromised 
mice such as SCID and  Il10  −/−  mice reconstituted with CD4 + CD45Rb high  T cells or 
 Rag2  −/−  mice exhibit pathogenic infl ammation after  H .  hepaticus  infection and can 
develop rapid colitis or even colon cancer [ 121 – 123 ]. In immunocompromised ani-
mals,  H .  hepaticus  induces a deregulated infl ammatory response that leads to patho-
logical infl ammation. The type VI secretion system of  H .  hepaticus  mediates these 
effects as deletion of this apparatus leads to higher colonization and elevated infl am-
matory response in immunocompromised hosts, suggesting that it is involved in the 
tolerogenic responses [ 63 ]. However the secreted effectors involved in this process 
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have not been identifi ed. Host interactions with  Bacteroides fragilis  have been  better 
deciphered. This pathobiont closely associates to mucosa and produces an anti- 
infl ammatory capsular polysaccharide A (PSA) that induces the differentiation of 
IL-10 secreting Foxp3 (+) Treg cells [ 124 ,  125 ]. These bacteria thus protect mice 
from  H .  hepaticus -induced colitis [ 124 ]. Enterotoxigenic  B .  fragilis  (ETBF) has 
been recently characterized [ 126 ]. This strain secretes a proinfl ammatory toxin 
called BFT that stimulates colonic infl ammation in predisposed multiple intestinal 
neoplasia (MIN) mice [ 127 ,  128 ]. 

 An example of pathobiont in humans is  Helicobacter pylori . This species inter-
acts with the gastric mucosa and is responsible for gastritis, peptic ulcer and gastric 
adenocarcinoma. Although found in 50 % of the human population, however, only a 
few percent of this population will develop these pathologies, and the advantageous 
aspects of colonization by  H. pylori  remain to be demonstrated, even if colonization 
with this strain seems to decrease the risk of oesophageal carcinomas and asthma 
[ 129 – 131 ]. Virulent strains of  H. pylori  translocate into gastric epithelial cells the 
virulence factor CagA that hijacks host signalling pathways involved in infl amma-
tion and oncogenesis [ 132 ,  133 ]. However this bacterial protein is not suffi cient to 
induce pathogenesis as asymptomatic carriers exist, suggesting that other factors are 
required such as host genetic polymorphisms for the IL-1β   proinfl ammatory gene 
[ 134 ]. Other bacteria such as γ-proteobacteria, particularly Enterobacteriaceae, also 
present proinfl ammatory characteristics that may turn out to be deleterious for the 
host in case of host immunological failure or dysbiosis [ 135 ].  

    Conclusion and Perspectives 

 Compelling evidence shows that regulation of bacterial interactions with the intes-
tinal mucosal surface is a critical stage for the establishment and maintenance of 
intestinal homeostasis. Discrimination between harmful and harmless bacteria is a 
matter of survival for the host. PRRs play an essential role in PAMPs and DAMPs 
recognition, leading to activation of immune defence mechanisms. In a healthy 
host, this recognition leads to physiological or pathological infl ammation, in the 
case of symbiotic bacteria or pathogenic bacteria respectively. However, the existence 
of pathobionts indicates the existence of a continuum in between. The recognition 
of host damage is a more effi cient mechanism to detect harmful bacteria rather than 
the discrimination between symbionts and pathogens. 

 Many questions remain unanswered concerning host–bacteria interactions. 
Immunity qualitatively and quantitatively shapes the microbiota. However, despite 
many metagenomic studies, we still know little about microbiota composition and 
how mucosa-associated bacterial species are distinct from those that are in the 
lumen. Virulence factors that are used by pathogens are well described. On the contrary, 
colonization or symbiosis factors are poorly known. Moreover bacteria–bacteria 
interactions are even less known and are highly diffi cult to grasp and to decipher in 
the context of the intestinal mucosa. These bacteria have co-evolved into a 
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“community behaviour”, that could be important to understand, for instance, in the 
context of mechanisms triggering infl ammatory bowel diseases. Interpreting the 
behaviour and the fate of host–bacteria interactions will provide clues and biomark-
ers to anticipate and predict the evolution of host–bacteria interactions, and as a 
consequence the evolution of infectious and infl ammatory processes. This ecosys-
tem may also be considered a “gold mine” to identify novel bioactive molecules, 
from host and microbial origin that will contribute to the development of original 
therapeutic and preventive approaches. The fi eld of prebiotics, probiotics and post-
biotics is likely to undergo a revolution, thanks to the global application of cellular 
microbiology principles to the study of the symbiosis-to-pathogenesis transition.     
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